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INTRODUCTION
The Rho family of small guanosine triphosphatases (GTPases), which includes RhoA, Cdc42, and Rac, contains important regulators of actin-dependent processes, such as vesicular trafficking and the formation of membrane protrusions during cell motility (1) . We and others have monitored changes in the activities of Förster resonance energy transfer (FRET) sensors in various cell systems that were challenged by different extracellular signals and showed the precise spatiotemporal correlation between Rho GTPase activation and membrane-protrusive events that are associated with cell motility (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Although the oscillatory activation of ROP1, a Rho-like GTPase in plants, at the apical plasma membrane of growing pollen tubes has been demonstrated (12) , a similar oscillation in the activity of a mammalian Rho GTPase has not been shown with these sensor techniques. We postulated that such dynamic changes may be more easily discerned within cells of the immune system that maintain an active surveillance process that occurs during cell-cell interactions and is dependent on the actin machinery.
Natural killer (NK) cells are large granular leukocytes that play an important role in defense against viruses and tumors (13) . NK cells do not exhibit antigen specificity in the same sense as do T and B cells; rather, they integrate a number of positive and negative signals to determine whether to kill a suspect cell. NK cells exhibit exquisite control when surveying potential target cells for disease. Many of these signals emanate from membrane-bound receptors, such as adhesion and cytokine receptors. Signals from these receptors are integrated to influence the formation of conjugates of NK cells and target cells that contain dynamic structures at the cell-cell interface, which is termed the immunological synapse (14) (15) (16) , through regulators of the actin cytoskeleton, such as Wiskott-Aldrich syndrome protein (WASP) (17) . However, a central gap in our knowledge about the NK cell immunological synapse is how these signals are integrated in time and space to determine the eventual outcome of the interaction (18) .
Oscillatory cell movement in the form of "waves" of spreading and contraction has been shown in live NK cells responding to antibodyinduced ligation of surface NKG2D receptors, which contribute to the formation of NK cell-target cell conjugates and subsequent killing (19) . The mechanisms for these temporal changes in membrane movement are poorly understood but are likely to relate to the intermittent accumulation of polymerized actin at the tentative NK cell-target cell interface, as described previously (20) . The process of NK cell-target cell conjugation therefore constitutes an ideal cell biological system to search for oscillations of Rho GTPase activity during cell-cell interactions.
In the context of immunological synapses, the generation of sensory contact domains involves the formation of actin-based protrusions (21) , such as filopodia, which are dependent on the function of the Rho GTPase Cdc42. Cdc42 is implicated in regulating changes in cell morphology and motility as well as vesicular transport; thus, Cdc42 is a good candidate for integrating both positive and negative signals from cell surface receptors to achieve the morphological changes essential for immune surveillance and cytotoxicity (22) (23) (24) (25) . Cdc42 activity in cells can be imaged effectively with the FRET biosensor Raichu-Cdc42, which changes conformation in response to Cdc42 guanine nucleotide exchange factor (GEF) activation, bringing two fluorescent proteins into closer proximity so that FRET occurs ( fig. S1A) (2, 26, 27) . We modified this sensor to express monomeric red fluorescent protein (mRFP) and enhanced green fluorescent protein (eGFP) to make it suitable for quantitative FRET by fluorescence lifetime imaging microscopy (FLIM), which is generally considered the gold standard for FRET-based detection of protein-protein interactions (28) . We refer to this modified method as Raichu-FLIM (5) (6) (7) (8) (9) (10) 29) . Here, we quantified the Cdc42 activity in a model system of immune surveillance by human NK cells and demonstrated that Cdc42 activity oscillated with a periodicity of 300 to 350 s in NK cells that interacted with potential target cells. We designed a Raichu-FLIM screen based on the Cdc42-centered protein subnetwork (30) and showed that Cdc42 activity in NK cells was reduced to a basal extent by short interfering RNAs (siRNAs) specific for the known GEFs for Cdc42 (a-PIX and b-PIX) when they were knocked down in concert. In addition, siRNAs against the p85a subunit of phosphoinositide 3-kinase (PI3K) and Akt as well as a PI3K inhibitor abrogated Cdc42 activity and modified the periodicity of its oscillation. Both p85a-and Akt-specific siRNAs also disturbed the polarization of cytotoxic granules toward target cells by interfering with Cdc42-dependent vesicular transport. Thus, this combination of bioinformatic target identification and functional imaging has increased our understanding of the functional hierarchy of the Cdc42 signaling network in NK cells. Because PI3Ks are targeted by therapies against tumors, our findings suggest that NK cell immune function should be monitored during the course of targeted therapy against this class of enzymes.
RESULTS

Cdc42 activity first increases and then oscillates during NK cell-target cell interactions
We used multiphoton FLIM to visualize Raichu-Cdc42 activity in YTS NK cells upon their interaction with potentially activating 721.221 target cells. After detecting an initial increase in the activity of Cdc42, we found that the mean Cdc42 activity oscillated with time during NK cell-target cell interactions, whereas such behavior did not occur in NK cells imaged alone (Fig. 1, A and B, and movie S1). High, localized Cdc42 activity was observed at the NK cell-target cell interfaces of the first conjugate (Fig. 1,  A and B, left) . In the second example of an NK cell-target cell conjugate (Fig. 1, A and B, conjugate 2), active Cdc42 was homogeneously distributed across one cell-cell interface (IS #2), whereas at both immunological synapses in the first conjugate (Fig. 1, A and B, left) and in the other immunological synapse of the second conjugate (IS #1), the Cdc42 activity was more heterogeneous. This heterogeneous activity was reminiscent of images of microclusters containing phosphorylated killer cell immunoglobulinlike receptor (KIR) and the adaptor protein Lck that were previously observed at the inhibitory immunological synapse of NK cells (31) . When our analysis was performed at the level of each individual immunological synapse rather than at the level of the whole cell (Fig. 1A , IS #1 and IS #2), we found that the oscillation in Cdc42 activity was still apparent with a consistent periodicity, except for IS #2 of the second conjugate in which there was an initial increase in FRET efficiency (to >30%), which then became stabilized and did not oscillate. The stable area of activity did not come from saturation of the color scaling, but most likely represented a maximal and sustained Cdc42 activation at the synapse site, as could be seen when this individual immunological synapse was analyzed (Fig. 1A , IS #2 of conjugate 2). By an approach similar to that used to calculate contractile periodicity in T cells (32), we used a discrete Fourier transform method of power spectrum analysis to calculate the periodicity of the oscillation in Cdc42 activity for entire NK cells and for the individual immunological synapses. The periodicity of the individual immunological synapses was consistent with the dominant period of oscillation in Cdc42 activity for the whole cell-cell conjugate. The periodicity of Raichu-Cdc42 activity for a number of representative interactions between NK cells and target cells was calculated as above, and we observed that the dominant periodicity for all of the oscillations was 300 to 375 s (Fig. 1C) . In contrast, the amplitude of any oscillation in the signal in NK cells alone was minor (Fig. 1, A and B, far right). We ruled out oscillatory noise from the imaging technique itself as the cause of our observations, because when we measured the fluorescence lifetime of Cdc42-GFP alone in unconjugated NK cells under the same conditions, we found that the average lifetime did not change or oscillate over time (fig. S1B).
A Cdc42 interaction subnetwork predicts siRNA targets with a functional role in NK cell-target cell interactions An increasing number of studies have integrated the results of large-scale RNA interference (RNAi) screens with protein-protein interaction data as an efficient means to uncover the biological relevance of the identified candidates. Although such approaches have proven reliable, they rely on largescale studies that require a substantial amount of resources. The integration of interaction network data within the experimental design can substantially reduce these demanding needs. Cdc42 is potentially regulated by a large number of upstream and downstream signaling molecules that could affect immune surveillance by NK cells. We took a bioinformatics approach to identify potential regulators of Cdc42 that were also Cdc42-interacting proteins, and we then investigated the effects of these potential regulatory elements within the subnetwork through a focused Raichu-FLIM screen performed in combination with RNAi-mediated knockdown of potential candidates, as described previously (30) .
We mined the Human Protein Reference Database (HPRD, http:// www.hprd.org) (33) for proteins that interact with Cdc42. To effectively take into account the regulators of Cdc42, we then applied a filter based only on proteins that interacted directly with Cdc42, as well as on the interactions among these proteins themselves. Each protein in the network was annotated with information regarding its domain architecture, as described in the PFAM (protein families) database (http://pfam.sanger.ac.uk/) (34) . Protein-protein interactions can be characterized by the underlying domain-domain interactions, as cataloged in the publicly available database iPFAM (http://ipfam.sanger.ac.uk/). The interactions reported in iPFAM are derived from the assignment of PFAM domains to the threedimensional structures of protein complexes. We embedded iPFAM data into the network to assign the reported interactions a degree of confidence; that is, if two proteins that were reported to interact with each other were composed of domains that should interact according to iPFAM, then we assigned that specific link a higher confidence than was assigned to those proteins that did not contain interacting domains in the network. The contrary was assumed (low confidence) when no interacting domains in iPFAM were detected for the given proteins ( fig. S2B ).
We assembled data from these three sources (HPRD, PFAM, and iPFAM) and obtained a subnetwork of Cdc42 regulators ( fig. S2A ). We proposed that the oscillatory behavior of Cdc42 activity that we reported ( Fig. 1 ) could be accounted for by feedback loops that include the major regulators of Cdc42. These assumptions are supported by previously reported data. The Cdc42 effectors WASP and p21 protein (Cdc42/Rac)-activated kinase 1 (PAK1) exist in physical complexes with the GEFs intersectin-l (35) and Dbl (36) , respectively, and thereby enhance their GEF activities. Similarly, a study of budding yeast cells reported that Cdc42 interacts with a downstream protein kinase and an exchange factor (37) . Therefore, we postulated that a feedback loop model that involves these regulators would provide a minimal number of key interacting proteins that could then be investigated for their effects on Cdc42 activity with the Raichu-FLIM screen. Specifically, we constructed a subnetwork that included only GEFs, GAPs (GTPase-activating proteins), and signaling molecules (which we chose to restrict to those containing a kinase domain, as in the case of PAK1) that directly interacted with either a GEF or a GAP and with Cdc42, thus completing a loop ( Fig.  2A) . The evidence for each interaction (PubMed IDs are given for each interaction in table S1) formed the basis for the selection of siRNA "smart pools." Although ITSN1 and CdGAP were originally selected as targets, reliable knockdown of their mRNAs could not be achieved with these siRNAs in our system ( fig. S3A ). Vav1 is thought to mediate the activation of RhoA and Rac in hematopoietic cells (38, 39) . In the case of costimulatory receptor triggering, the time course of tyrosine phosphorylation and activation of Vav1 is linked to that of Cdc42 after stimulation of the co-receptor CD28 (40) . Furthermore, Vav1 is an important regulator of the cytotoxicity of NK cells (41, 42) . We therefore added Vav1 to our list of candidate proteins in our subnetwork for knockdown ( Fig. 2 ) by relaxing the criterion that a third member of the feedback loop must interact directly with either a GEF or a GAP and with Cdc42 (for example, caspase-3 does not contain a kinase domain).
The cytolytic activity of NK cells, including the release of perforin and granzymes, depends on the integrin lymphocyte function-associated antigen 1 (LFA-1, also known as aLb2 and CD11a/CD18) (43) . To establish a positive control for the targeted screen, we tested the effect of a functionblocking monoclonal antibody (mAb, clone 38) against LFA-1 on YTS cells (44) . From . S2 ), we obtained a subnetwork containing proteins that had either a GAP or a GEF domain and interacted with one other member of the full network before interacting with Cdc42, thus potentially forming feedback loops. High-confidence interactions are connected with black lines. Data from (A) were used to produce a list of targets for knockdown by siRNA. (B) Actin accumulation at the YTS NK cell immunological synapse was inhibited with an antibody that blocks LFA-1 (a-CD11a). The left panel of each pair of images shows epifluorescence images of GFP from Raichu-Cdc42 (green) and CMTMR-labeled target cells (red). The right panel of each pair shows the corresponding phalloidin images, which show that F-actin did not accumulate when the cellcell interaction was blocked with an antibody against LFA-1 (Blocking aCD11a). Images represent 30 cells from more than three independent experiments. Scale bars, 10 mm. (C) Pooled Raichu-Cdc42 FRET efficiency histograms (n = 7 to 15 cells per experiment from at least three independent experiments). Cells were fixed after 15 min of interaction with or without 721.221 target cells. LFA-1-blocking data and siRNA knockdown data for YTS NK cells transfected with the indicated siRNAs that were incubated in the absence (− Target cells, black) or presence (+ Target cells, red) of target cells are shown. *P ≤ 0.05 indicates that there was a significant difference in FRET efficiency between the YTS NK cells transfected with the indicated siRNA that were incubated with or without target cells, that is, that there was no effect on Cdc42 activity compared to the control that had not target cells. **P > 0.6 indicates that there was no significant difference in FRET efficiency between NK cells transfected with the indicated siRNA or incubated with the LFA-1-blocking antibody that were incubated with or without target cells, that is, that the treatment abrogated Cdc42 activity in the conjugated YTS NK cells (unpaired two-tailed Student's t test).
labeled phalloidin revealed that the extent of actin accumulation within the immunological synapse was more than double that of the area outside the immunological synapse (that is, the accumulation was not a result of an increase in signal from cell-cell overlap at the immunological synapse) at the cell-cell contact point in the control cells treated with a nonblocking antibody (Fig. 2B) . On the contrary, no increase in the extent of phalloidin staining at the synapse was seen in the presence of the LFA-1-blocking antibody. This increase in F-actin accumulation correlated with an increase in Cdc42 activity, as was demonstrated by Raichu-FLIM in nonblocked cells compared with that in cells in which LFA-1 was blocked (Fig. 2C) , thus establishing the nonperturbed and fully perturbed states that served as our positive and negative controls, respectively. These positive and negative controls became the basis for a "first-pass" assay to ascertain the effects of siRNA-based perturbation of candidates on Cdc42 activity.
We cotransfected YTS NK cells with plasmid encoding Raichu-Cdc42 and the appropriate siRNAs; 36 hours later, we fixed the cells 15 min after they had been incubated with or without 721.221 target cells and then we performed imaging (Fig. 2C) . We considered the siRNAs to have had an effect on Cdc42 activation when Cdc42-Raichu FRET activity in transfected cells was reduced to that of NK cells in the absence of potential target cells (Fig. 2C) . The strongest and most reproducible results were observed with siRNAs against Akt and the p85a subunit of PI3K. Inhibitors of PI3K (LY294002) and Akt (Akt inhibitor VIII) also reduced the extent of Raichu-Cdc42 activity in NK cell-target cell conjugates to that of NK cells alone ( fig. S3G) . The other smart pools of siRNA either had little effect (for RhoGEF6, PAK1, RhoGAP1, and Vav1) or had heterogeneous effects [for PAK2, MAPK8 (mitogen-activated protein kinase 8), and RhoGEF7] on Raichu-Cdc42 activity. In the cases of PAK2 and MAPK8, the intermediate, but insignificant, difference in Cdc42 activity that occurred upon their knockdown could be accounted for by potentially variable knockdown efficiencies or by their lack of involvement in the regulation of Cdc42 activity (Fig. 2C) . When the siRNA smart pools specific for RhoGEF6 (synonymous with a-PIX) and RhoGEF 7 (synonymous with b-PIX) were combined in the same experiment (to address the possibility of functional redundancy or synergy between the two GEFs), we observed a substantial reduction in Cdc42 activity. No such synergy was observed when PAK1-and PAK2-specific siRNAs were combined, and there was no effect on Cdc42 activity at the NK immunological synapse (Fig. 2C) . Both a-PIX and b-PIX are required for chemoattractant-mediated activation of Cdc42 (but not Rac1) and PAK1 in hematopoietic cells and other cellular systems (45) (46) (47) . That the combination of siRNAs targeting RhoGEF6 and RhoGEF7 was more efficient than the targeting of either protein alone in perturbing Cdc42 activity may reflect their location in adjacent and overlapping loops within the human interactome map and therefore potential compensatory effects of the individual GEFs. Therefore, our approach serves as an elegant and stringent way to identify Cdc42 regulators that have functional effects. Hence, we decided to further examine and validate the effects of knockdown of p85a and Akt on Cdc42 activity. p85a-SH2 acts as a scaffold for PI3K catalytic activity, which lies on a linear pathway with Akt for regulating Cdc42
That knockdown of either p85a or Akt by siRNA reduced Cdc42 activity during immune surveillance by NK cells was unexpected, because p85a is a regulatory subunit of PI3K, and when expressed by itself may exert a dominant inhibitory effect on PI3K activity (48, 49) . We postulated that p85a acted as a scaffold and thus was required for the proper targeting of the catalytic subunit of PI3K (p110) to generate 3-phosphoinositide lipids for local activation of GEFs. Therefore, we transfected YTS NK cells with plasmid encoding the N-terminal Src homology 2 (SH2) domain of p85a (p85a-SH2), which lacks the inter-SH2 domain that is required for binding to p110; therefore, although PI3K regulation would be maintained, its targeting role would be disrupted (Fig. 3) . We transfected NK cells with plasmids encoding p85a-SH2 and Raichu-Cdc42 in a 2:1 ratio, and we confirmed the presence of p85a-SH2 by immunofluorescence detection of the Myc tag that was fused to p85a-SH2 (Fig. 3A) . We quantified the effect of p85a-SH2 abundance on Cdc42 activity in YTS NK cells incubated with or without target cells by Raichu-FLIM, as described earlier.
The p85a-SH2 fragment reduced the activity of Cdc42 relative to that of NK cells incubated alone. The p85a-SH2 fragment also reduced the basal amount of Cdc42 activity compared to that of control cells (Fig. 3C) . Thus, it is likely that the effect of knockdown of p85a on Cdc42 activity was caused by its role as a scaffold to recruit the catalytic subunit of PI3K to Cdc42, which is consistent with the inhibitory effect of LY294002 on Cdc42 activity (fig. S3G ). To demonstrate whether PI3K and Akt lay in a linear regulatory pathway with Cdc42, and in view of the dependence of Cdc42 activity on LFA-1, which we demonstrated in our NK immunological synapse model (Fig. 2, B and C) , we activated YTS NK cells with an activating antibody against LFA-1 (TS1/22) and analyzed cell samples that were untreated or were treated with LY294002 by Western blotting for total Akt and phosphorylated Akt (pAkt). We observed a substantial decrease in the amount of pAkt in cells in which PI3K was inhibited with LY294002 compared to that in untreated cells (Fig. 3D) . In LFA-1-ligated NK cells, the activity of Akt was therefore dependent on PI3K input.
Knockdown of p85a or Akt abrogates cytotoxic granule polarization at the NK immunological synapse
During cytolysis, NK cells direct cytotoxic vesicles to polarize toward the cell-cell interface (50) . To look directly at effects downstream of p85a-or Akt-dependent regulation of Cdc42 activation, we coincubated siRNAtreated, Raichu-Cdc42-expressing YTS cells with 721.221 cells for 30 min and then stained the cells to detect perforin, which is present in NK cell cytotoxic vesicles. Maximal perforin accumulation in NK cell-target cell conjugates occurs 15 min after coincubation in suspension followed by 15 min on poly-L-lysine, for a total of 30 min (51) . At this time point, we found that 57% of the NK cell-target cell conjugates imaged after treatment with control siRNA exhibited polarized vesicles toward the target cell (Fig. 4,  A and B) . When p85a was knocked down, only 20% of the cells showed polarized granules, and when Akt1 was knocked down, only 15% of cells showed granule polarization (Fig. 4B) . These results suggest that as well as reducing conjugation-triggered Cdc42 activity, knockdown of p85a or Akt also inhibited granule polarization. Polarization of cytotoxic vesicles is associated with cytoskeletal remodeling and relocation of the microtubuleorganizing center (MTOC) during cytotoxicity (16, 51) .
PI3K regulates the oscillation in Cdc42 activity at the NK immunological synapse
We also demonstrated that in addition to perturbing the initial rise in Cdc42 activity at the immunological synapse, RNAi-mediated knockdown of p85a also abrogated oscillations in Cdc42 activity (Fig. 4C) . The Cdc42-dependent positioning of the MTOC is consistent with previous observations of T cells interacting with targets (38) and other nonimmune cell types (52) . As stated, p85a-specific siRNA completely abrogated both the increase in Cdc42 activity and its oscillation; however, if p85a is not available at the initiation of the immunological synapse, then this is perhaps not a surprising observation. Therefore, we performed live-cell imaging experiments in which either dimethyl sulfoxide (DMSO) (as a vehicle control) or LY294002 was added to the cells upon formation of the immunological synapse. Compared with the oscillation in Cdc42 activity observed in DMSO-treated cells, the oscillation in LY294002-treated cells was decreased in amplitude and frequency (Fig. 4, D and E) . The effect of the inhibition of PI3K on the oscillation in Cdc42 activity suggested that PI3K regulated Cdc42 oscillation independently of the initial increase in Cdc42 activity.
DISCUSSION
Cdc42 is implicated in a number of cellular mechanisms that are important for NK function. Here, we used a FRET biosensor to investigate the spatiotemporal activity of Cdc42 in a model of live human NK cells surveying potential target cells. Whereas it is perhaps expected that the general extent of Cdc42 activity within NK cells should increase when they need to rapidly reorganize their actin cytoskeleton if a potential target cell is encountered [remodeling of the actin cytoskeleton is associated with immune surveillance by T cells and NK cells (53, 54)], we made the additional observation that Cdc42 activity oscillated with a periodicity of 300 to 375 s. Our previous study with Raichu-FLIM, which combined experimental data and theoretical prediction, showed an initial increase in Cdc42 activity that subsequently reached an equilibrium in T lymphocytes spread on integrin substrates (5), but we did not observe any oscillations in activity. It is thought that the polarization of the cytoskeleton that is required for NK cell-mediated cytotoxicity occurs through multistep serial control, which contrasts with the situation in T cells (20) . A more complicated feedback control of a key signal integrator such as Cdc42 would fit with this observation.
Dynamic turnover of macrophage membrane protrusions, which consist of fine filopodia and membrane ruffles that are associated with targets, have been observed at a very early stage of phagocytosis (55) . This dynamic macrophage "probing" is also reminiscent of the cyclic protrusion and contraction of the membrane edges of T cells that are undergoing receptor-specific adhesion on artificial lipid bilayers containing intercellular adhesion molecule-1 (ICAM-1), a ligand of LFA-1 (32) . Whereas the protrusion and contraction cycles have a regular periodicity of 42 s, whether Rho GTPase activity follows a similar oscillatory pattern has to our knowledge not been investigated. Here, we report that Cdc42 activity oscillates with a regular periodicity of 300 to 375 s in our experimental system of cell-cell interaction (Fig. 1C) . In addition, through a subnetwork composed of possible Cdc42 regulators, which was informed by bioinformatics analysis, we identified and validated PI3K and Akt, which are both highly abundant in NK cells in comparison with other leukocytes (56, 57) , as controllers of the observed oscillatory increase in Cdc42 activity at the NK cell immunological synapse. In PC12 cells monitored with various Previous work has implicated p85a in NK cell function. Mouse p85a knockout NK cells have reduced cytotoxic activity and cytokine production compared to those of wild-type NK cells (59) , although a direct link between p85a and Cdc42 activity has not been demonstrated. p85a acts downstream of NKG2D activation by inhibiting the Crk-like protein CrkL, which reduces the extent of MTOC reorientation and cytotoxicity (60); however, NKG2D is not found on YTS NK cells (61), so it seems likely that another upstream signaling pathway is involved. In addition, siRNAmediated knockdown of Vav1 had no effect on Cdc42 activity in our assay despite its demonstrated role in NK cytotoxicity (41, 42) . Vav2 and Vav3 are also thought to be important in regulating NK cytotoxicity in response to upstream signaling (62); however, both of these Vav isoforms are not part of a three-member feedback loop and therefore were not included in our subnetwork-based screen.
When RhoGEF6 (a-PIX) and RhoGEF7 (b-PIX) were both knocked down, we observed a substantial reduction in Cdc42 activity in the NK cell immunological synapse. The PAK-interacting exchange factor (PIX) family members act as GEFs to mediate the activation of Rac1 and Cdc42 (46) . In hematopoietic cells, such as T lymphocytes (63), as well as in cancer cells (64) , PIX proteins serve as scaffold proteins by binding to paxillin and paxillin kinase linker p95PKL, a member of the heterotrimeric guanosine triphosphate-binding protein (G protein)-coupled receptor kinaseinteracting 2 (GIT2)/PKL family, which is a paxillin-binding protein with an adenosine diphosphate ribosylation factor (ARF)-GAP domain. This interaction results in the formation of the GIT-PIX-paxillin complex, which contributes to the spatially determined activation of Rac1 and Cdc42 (65) . We therefore tested whether knocking down both PAK1 and PAK2 simultaneously might feedback on Cdc42 activity through their potential scaffold function by their potential interactions with the PIX proteins; however, we saw no such effect (Fig. 2C) .
Downstream of Cdc42 activity, effects on vesicle polarization that are essential for NK cell function confirmed that two nodes, PI3K and Akt, within the Cdc42 interaction subnetwork provided positive feedback for Cdc42 activation and its consequent effect on the targeting of lytic granules toward target cells. Given these findings, it would be important to investigate the functional relevance of this phenomenon to other pathophysiological contexts of disease surveillance, regardless of whether the immune cells performing surveillance are innate, for example, in the aforementioned Rho GTPase-dependent phagocytosis of pathogens by macrophages (55, 66) , or adaptive, for example, antigen-specific cytolytic T cells (67) .
We propose that, as in the case of the oscillatory nuclear translocation of the transcription factor nuclear factor NF kB (NF-kB) and its correlation with function (that is, gene expression) (68, 69) , a proper understanding of regulatory control modules within immune cells that influence the periodicity of the oscillatory activation of Rho GTPases will fundamentally improve our understanding of immunological function in various physiological and pathological states, such as cancers and infections, and autoimmune conditions, such as arthritis and diabetes. Our discovery of the role of PI3K in regulating the process of cell-cell communication (in this case, NK cell-mediated immunosurveillance) through a cytoskeleton-driven vesicle trafficking mechanism is also likely to be of interest to a broad range of immune cell signaling fields (70) . This study shows that a multidisciplinary combination of imaging techniques that identify the spatiotemporal activities of molecular switches in living cells, bioinformatics-driven experimental design, and controllable in situ gene silencing can yield advances in our understanding of molecular mechanisms in living immune cells.
MATERIALS AND METHODS
Cells and antibodies
The YTS cell line is a subclone of a human NK cell-like cell line (71) , and 721.221 is a human Epstein-Barr virus (EBV)-transformed B cell line that was mutated to express no HLA-A (human lymphocyte antigen A), -B, or -C (72). Both cell lines were cultured in RPMI 1640, as described previously (73) . The clone 38 mAb against LFA-1 (Cancer Research UK/Autogen Bioclear) was used as a blocking antibody.
FLIM-FRET measurements of Cdc42 activity
Multiphoton, time-correlated single-photon counting (TCSPC) FLIM was performed to quantify changes in the activity of the Raichu-Cdc42 biosensor by FRET. A Nikon TE2000E inverted microscope combined with an in-house scanner (74) and Ti:Sapphire laser (Coherent) was used for multiphoton excitation of GFP. All images were acquired at a suitable spatial and time resolution to provide enough photon arrival times to enable fitting of accurate fluorescence decay while avoiding detector "pile-up" and were analyzed by performing a single-exponential pixel fit in TRI2 time-resolved image analysis software (5-7, 28, 74) .
Sample fixation
YTS NK cells were transiently transfected by electroporation with mRFP1-Cdc42Raichu-eGFP plasmid (referred to as Raichu-Cdc42), as described previously (5, 6) , as well as with 250 to 480 nM siRNA (ONTARGETplus SMARTpools, Dharmacon), where stated. After 36 hours, 721.221 target cells were incubated with CellTracker Orange CMTMR [5-(and-6) -(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine] (Invitrogen). YTS NK cells and 721.221 target cells were mixed in a ratio of 1:2 in 100 ml of conditioned medium at 37°C in 5% CO 2 for 15 min and then were fixed with 4% paraformaldehyde. Where inhibitors (at the concentrations stated in the legends) or the LFA-1-blocking mAb (10 mg/ml) was used, the YTS NK cells were preincubated with the reagents for 1 hour. Coverslips were mounted in Mowiol (Sigma) containing Dabco (1,4-diazabicyclo[2.2.2]octane; Calbiochem) and imaged with a 40×, 1.4 numerical aperture (NA) oil-immersion objective lens. Epifluorescence images were acquired through fluorescein isothiocyanate (FITC) (GFP), G2A (CMTMR), and Cy5 (DiD) filter sets (Chroma) on a charge-coupled device (CCD) camera (Orca, Hamamatsu).
Statistical analysis
Pooled FRET efficiency histograms were fitted to Gaussians to calculate mean and SD values for each condition with and without target cells. P values are from unpaired, two-tailed Student's t tests performed for each condition (siRNA, LFA-1-blocking mAb, or inhibitor) to compare NK cells in the presence or absence of target cells with n values from each experiment. For other statistical analysis, two-tailed Student's t tests were used.
Live samples
YTS NK cells were transiently transfected with Raichu-Cdc42 by electroporation, as described previously (5, 6) . The 721.221 target cells were stained for 5 min at 37°C in 5% CO 2 with Vybrant DiD labeling solution (5 mM; Invitrogen), washed, and left in complete medium for 30 min at 37°C in 5% CO 2 . YTS NK cells were then transferred to live-cell imaging chambers (Nunc/WaferGen/Ibidi) and maintained at 37°C in 5% CO 2 , and 721.221 cells were added at about a 1:1 ratio at the commencement of imaging. In the live-cell PI3K inhibition experiments, at the times indicated after commencement of imaging an NK cell-target cell conjugate, either DMSO or LY294002 (10 mM) was introduced to the culture medium. Images were analyzed with TRI2 (5-7, 74) and ImageJ software (75) .
Reverse transcription-polymerase chain reaction assays
Up to 1 mg of RNA was reverse-transcribed into complementary DNA (cDNA) in a total volume of 20 ml with SuperScript III First-Strand Synthesis SuperMix for real-time reverse transcription-polymerase chain reaction (RT-PCR) analysis according to the manufacturer's instructions. The RT reaction was prepared on ice by combining RT enzyme mix (which included SuperScript III and RNAseOUT) and 2 × RT reaction mix [including 2.5 mM oligo(dT) 20 , random hexamers (2.5 ng/ml), 10 mM MgCl 2 , and 10 mM deoxynucleotide triphosphates (dNTPs)] with up to 1 mg of total RNA. The volume was made up to a total of 20 ml. The components were gently mixed and incubated at 25°C for 10 min followed by incubation at 50°C for 30 min. The reaction was terminated by incubation at 85°C for 5 min, and reactions were then chilled on ice. The single-stranded cDNA was treated with 2 U of RNase H (ribonuclease H) for 20 min at 37°C. The cDNA was diluted in tris-EDTA to up to 30 ml and kept at −20°C for long-term storage. Real-time PCR analysis was performed with SYBR Green incorporation to determine the extent of expression of the target genes after transfection of cells with various siRNAs (see fig. S1 for primer sequences). A 25-ml reaction mixture contained 1 × Platinum SYBR Green qPCR SuperMix-UDG with ROX, 3 pmol each of the forward and reverse primers, and 3 ml of cDNA. Real-time PCR was performed on an ABI PRISM 7900 instrument (Applied Biosystems). Reaction conditions were incubation at 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of incubation at 95°C for 15 s and at 60°C for 60 s. All determinations were performed in triplicate. The C T method (76) was applied to estimate relative transcription levels. ABL1 mRNA was used as an endogenous reference to normalize each sample.
Western blotting analysis
Twenty-four hours after transfection with siRNA, 1 × 10 6 to 2 × 10 6 YTS NK cells were lysed in 1.3× LDS (lithium dodecyl sulfate) sample buffer for 20 min at 95°C [4× LDS sample buffer contains 106 mM tris-HCl, 141 mM tris base, 2% LDS, 10% glycerol, and 0.5 mM EDTA (pH 8.5)]. After determination of the protein concentration by BCA (bicinchoninic acid) assay, protease inhibitor cocktail (Sigma Aldrich), 10 mM dithiothreitol, and 0.22 mM Serva Blue G250 were added to the samples. All lysates were incubated for 5 min at 95°C and were then resolved on 4 to 12% polyacrylamide bis-tris gels by electrophoresis at 200 V for 1 hour in running buffer [50 mM MES, 50 mM tris, 1 mM EDTA, and 0.1% SDS (pH 7.3); Invitrogen] together with a protein standard (Novex, Invitrogen). Gels were transferred by electroblotting at 30 to 40 V for 1 hour to a nitrocellulose membrane (Hybond-C Extra, GE Healthcare) in NuPage transfer buffer [25 mM bis-tris, 25 mM bicine, and 1 mM EDTA (pH 7.2)] containing 20% methanol. The membrane was blocked by incubation in phosphate-buffered saline (PBS) containing 0.1% Tween 20 (PBST) with 3 to 4% bovine serum albumin (BSA) for 30 min at room temperature. The blot was washed once with PBST before being incubated with antibody. Primary antibodies were typically used at dilutions of 1:1000 in PBST with 3% BSA and 0.01% NaN 3 . Blots were incubated in primary antibodies overnight and then were washed three times for 5 min in PBST before being incubated in secondary antibody for 30 min. Secondary antibodies from Dako and Amersham were used. Blots were washed three times, and protein bands were detected with the Pierce ECL WB Substrate (Thermo Scientific) and exposed to x-ray film (Hyperfilm-ECL, GE Healthcare) for various periods of time. Primary antibodies used in the experiments were antibody against Akt1 (C73H10) from Cell Signaling, antibody against Rb from BD Pharmingen, antibodies against RhoGEF6 (C23D2) and RhoGEF7 from Cell Signaling, antibody against Vav (Santa Cruz), and antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (14C10, Cell Signaling). For analysis of pAkt by Western blotting, 1 × 10 6 YTS cells were centrifuged at 200g and resuspended in 100 ml of Hepes buffer (20 mM Hepes containing 5 mM MgCl 2 and 1 mM EDTA). Cells were preincubated for 30 min at 37°C with or without LY294002 (10 mM, Cell Signaling). After 30 min, mouse monoclonal activating pan-LFA-1 antibody (10 mg/ml, TS2/4) was added to the cells and the samples were incubated at 37°C for a further 15 min. The cells were then centrifuged at 200g for 8 min and resuspended in 1.1 × LDS lysis buffer (100 ml), heated for 20 min at 100°C, and centrifuged at 15,000g The lysates were resolved on a 4 to 12% bis-tris gel and transferred onto polyvinylidene difluoride membrane. The membranes were blocked in 5% milk in tris-buffered saline (TBS) containing 0.1% Tween 20 for 1 hour at room temperature. The membranes were incubated with primary antibody diluted in TBS and 0.1% Tween 20 containing 5% BSA at 4°C overnight. The antibodies used were against pAkt Ser 473 (D9E) and total Akt (C73H10) and were obtained from Cell Signaling. Western blot images were analyzed with ImageJ software (75) . 
